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ABSTRACT
Recently, potassium has been investigated as a possible metabolite involved in the control 
exercise ventilation. Graded and incremental cycle tests using healthy subjects show a 
strong correlation between plasma potassium (K^) and ventilation (Vg).. However, the 
role of potassium has not been investigated during steady state exercise. During steady 
state exercise researchers have observed a ventilatory drift that cannot be accounted for 
by lactate or expired carbon dioxide (VCO2). The purpose of this study was to examine 
the relationship between plasma levels and the ventilatory drift during steady state 
exercise. Participants cycled at 60% VO2  max. for 30 minutes. V02, VC02, Vg plasma 
K+ and lactate were measured each minute. There was an 8% increase in both V02 
(p<.02), VE (p<.03) and a 16% increase in K+ (p<.04) between 6 and 30 minutes of 
exercise. VC02 and lactate remained unchanged. There were significant correlations 
between Vg vs (r = .97) and V 02 vs K+ (r = .97) during steady state exercise. Vg and 
lactate over the same duration were not correlated (r = .47). These results suggest a 
positive relationship between increases in K-f and ventilation during steady state exercise. 
Whether is the causative agent of the ventilatory drift, however, remains to be 
determined.
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CHAPTER I 
INTRODUCTION
At the onset o f exercise there is a sharp increase in ventilation, just as in heart 
rate, but the control mechanisms remain to be elucidated. The human body is full of 
redundancy and the respiratory system is no exception. Nerve endings in muscles and 
joints send messages to the respiratory center to initiate the increase in ventilation. 
Peripheral chemoreceptors located in the carotid bodies help regulate ventilation by 
detecting plasma levels of carbon dioxide and pH. Information from these receptors is 
sent via cranial nerves DC and X to the respiratory centers o f the medulla.
The initial rise in ventilation is necessary because muscles require additional 
oxygen (O?) and must eliminate metabolic waste such as carbon dioxide (COi). The 
increase in lactate and the additional CO2  can cause plasma pH to fall. The interaction 
between these factors has been studied extensively and described in the literature. 
However, the mechanisms which drive ventilation during exercise have not been fully 
elucidated. Ventilation increases abruptly at the onset of exercise, followed by a steady 
rise with increases in workload or a steady state level at a constant workload. When 
exercise ceases, ventilation declines suddenly.
A portion of the abrupt increase at the onset of exercise is accounted for by the 
simultaneous stimulation of the skeletal muscle and respiratory center followed by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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feedback from proprioceptors in the active muscles, tendons and joints. Changes in blood 
chemistry are detected by the carotid bodies, but the chemical changes are slow and lag 
behind the increase in ventilation. When exercise ceases, ventilation decreases rapidly, 
well before blood levels o f lactate and pH have returned to normal.
During steady state exercise, ventilation reaches a steady state after about five 
minutes. As exercise continues there is a gradual increase in ventilation even though 
exercise workload has not increased. This gradual increase is termed the ventilatory drift 
and is not correlated to an increase in carbon dioxide, an increase in lactate, or a fall in 
pH. Recent research has focused on plasma potassium as a possible control mechanism 
for exercise ventilation. A strong positive correlation exists between plasma potassium 
and ventilation during incremental and graded exercise, however, this correlation has not 
been examined during steady state exercise of long duration (over 15 minutes).
Purpose o f the Study
Plasma potassium is positively correlated to exercise ventilation during graded 
and incremental exercise, but its relationship to steady state ventilation has not yet been 
examined. The primary chemical factors o f  lactate, CO2 , and pH do not appear to explain 
steady state ventilation so perhaps plasma potassium is a chemical factor that should be 
considered in the study o f exercise ventilation. The purpose of this study is to examine 
the relationship between plasma potassium and the ventilatory drift during steady state 
exercise.
Need for the Study
The control mechanisms for steady state long term exercise ventilation have not 
received as much attention as graded or incremental exercise ventilation. There is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
controversy in the literature concerning the control o f ventilation with many studies 
examining the role o f  lactate and potassium on short term incremental and graded 
exercise. Few studies have examined plasma potassium’s effect on long duration steady 
state exercise. This study will contribute to the theoretical base of literature concerning 
the control of ventilation during steady state exercise.
Limitations
The sample was a small group o f young, relatively fit college students. Since this 
was a homogeneous group one must be cautious in generalizing the results. Additionally, 
there is a great deal o f  variability between subjects’ fimess level and how they respond to 
long term exercise.
Assumptions
1. Subjects gave maximal effort on the V02max test.
2. 65% of V02max for 45 minutes is an appropriate exercise intensity to detect the 
ventilatory drift.
3. Changes in plasma lactate approximate changes in pH.
4. Changes in body core temperature are not a factor in the ventilatory drift.
Statement o f Hypothesis
Null Hypothesis:
Hq: Plasma potassium concentration will not change over the course of the
exercise protocol and will not be correlated to the ventilatory drift.
Research Hypotheses:
Hj : Plasma potassium concentration will increase during the exercise protocol
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and be positively correlated to the ventilatory drift.
H2 : Plasma potassium concentration will decrease during the exercise
protocol and be negatively correlated with the ventilatory drift.
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CHAPTER 2 
REVIEW OF RELATED LITERATURE
The factors responsible for the increase in exercise ventilation have been studied 
extensively. Researchers have described the ventilatory response but the control 
mechanisms are not clearly understood. A combination of neural and humoral factors 
control breathing during exercise and no single factor acts alone. Given the redundancy 
of the human body in general, it is no surprise that current literature reviews the control 
o f  ventilation as a multi-factoral response. The following review first gives a general 
overview of the control mechanisms of ventilation. Secondly, since plasma potassium’s 
relationship to ventilation is the focus o f this paper, it is important to understand the 
source of potassium entering the blood stream. Finally, there is a review o f human and 
animal research into the relationship between plasma potassium and ventilation.
Many exercise studies have noted the strong correlation between plasma 
potassium and ventilation. The factors controlling ventilation vary depending on the 
exercise protocol: incremental exercise, graded exercise or steady state exercise. The 
primary research thus far has focused on incremental and graded exercise, with few 
studies examining the steady state response. Finally, many animal studies have found a 
correlation between potassium and ventilation in decerbrate animals. Animal research 
allows scientists to examine the possible internal mechanisms responsible for this 
correlation by directly measuring the effects o f potassium on the carotid bodies
5
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under varying conditions.
Review o f Ventilatory Control
Prior to exercise ventilation can increase as a result o f anticipated movement. In 
some cases there is a conscious, voluntary increase in ventilation before movement.
Once exercise begins, joint receptors send signals via CIII and CIV afferent neurons to 
the cardio-respiratory center in the brain indicating the initiation o f movement. The 
peripheral chemoreceptors, primarily in the carotid bodies and aortic arch, monitor 
arterial PC,. These receptors are stimulated by a decrease in PO2 , an increase in 
hydrogen ions and weakly by increased levels o f carbon dioxide. The central 
chemoreceptors in the medulla oblongata and pons are stimulated by an increase in 
hydrogen ion concentration (a fall in pH) in the cerebral spinal fluid. The combination of 
these factors tightly control the ventilatory rate.
It is generally accepted that exercise ventilation increases in response to increases 
in plasma lactate, a fall in plasma pH and increases in the partial pressure of carbon 
dioxide (PaC02). Lactate is released from exercising muscles and enters the blood 
stream; however, during steady state exercise, lactate is absorbed by the liver for 
gluconeogenesis and oxidized by inactive tissues such as heart and Type I muscle fibers, 
so that levels in the blood plateau or fall (Brooks, 1988). The chemical reaction which 
creates lactic acid readily dissociates into lactate and hydrogen ions at physiological pH 
levels. The addition o f  these hydrogen ions accounts for the fall in plasma pH. The third 
factor, PaC0 2 , can change as a result of energy use. CO2 is a byproduct of metabolic 
activity, specifically the Kreb’s cycle. When CO2 enters the blood stream from muscles it 
is eliminated when CO2  loaded blood passes through the capillaries o f the lung. All three 
of these factors change throughout an exercise bout, but their contribution to the increase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in ventilation has been questioned during the past several years.
During incremental exercise tests, minute ventilation (Vg), is initially linearly 
related to oxygen consumption (VOt). However, as workload increases, Vg becomes 
disproportionately greater than the changes in VO? as a result o f  hyperventilation. This 
point o f  dissociation is referred to as the ventilatory or lactate threshold, so termed since 
the threshold is coincident with a rise in lactate and a fall in pH. (Wasserman, Whipp, 
Koyal & Beaver, 1973). Wasserman, Whipp, Koyal & Cleary (1975) reported that a 
ventilatory threshold was not observed in subjects whose carotid bodies had been 
resected. From these studies, it was suggested that the sudden change in pH increases the 
sensitivity of peripheral chemo-receptors to in turn increase ventilation. Chemoreceptors 
are also sensitive to changes in VCO,. As workload increases more CO? must be expired, 
however, the Vg/VCO; ratio is not fixed or linear (Clark, Poole-Wilson & Coats, 1992). 
The mismatch in this ratio further supports the idea that the control of ventilation is 
multi-factoral. Changes in pH, PO2  and PCO2  all have an influence on the control o f Vg.
The situation changes somewhat during incremental work. Lactate and pH seem 
correlated to Vg during graded exercise, but this is not the case during incremental work. 
When intense exercise bouts are interspersed with 3 minute rest periods, the changes in 
lactate and pH occur too slowly to account for the sudden drop in Vg that occurs during 
the rest period. When the exercise bout continues, the changes in lactate and pH are 
no longer matched to Vg (Busse, Scholtz, Saxler, Maassen & Boning, 1992).
The apparent control mechanisms change again during long term steady state 
exercise. After approximately 12 minutes o f exercise, many of the apparent control 
factors o f Vg, such as pH, lactate and VCO2 , level off or decline, yet Vg will continue to 
rise slightly without any change in workload. This rise in Vg is termed the ventilatory
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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drift and the reasons for this drift remain unclear. Studies have also reported a drift in 
VO2  during steady state exercise (Casaburi, Storer, Ben-Dov & Wasserman. 1987; 
Hagberg, Nagle, Carlson, 1978). Casaburi et al. (1987) suggested that blood lactate 
concentration contributed the VO2  drift, while Hagberg et al. (1978) suggested that an 
increase in temperature and ventilation contribute to VO, drift. Martin, Morgan,
Zwillich, & Weil (1980), studied the ventilatory drift during 1 hour of steady state 
exercise and noted that ventilatory drift occurred despite unchanged levels o f lactate, pH, 
VCO2  or body temperature.
The body’s ability to match oxygen supply to demand during exercise has lead 
researchers to conclude that some metabolite of active muscle may be an additional factor 
responsible for the control o f ventilation. Since carbon dioxide can vary during exercise, 
it is not a consistent indicator of ventilation. Lactate, while released early in exercise, is 
not maintained at high levels during steady state exercise. Although lactate is a by­
product of muscle metabolism, it becomes an important energy source as exercise 
continues (Brooks, 1988). The increase in hydrogen ions during the onset o f  exercise is 
quickly buffered by sodium bicarbonate so that in steady state exercise, when lactate 
levels fall, pH does not change significantly from normal. Since these variables do not 
change enough to account for the observed increase in ventilation during steady state 
exercise, other metabolites that could explain the control of ventilation during exercise, 
have been investigated.
The Appearance and Role of Potassium During Exercise
As early as 1888, Geppert and Zuntz, noted an increase in ventilation when 
stimulating a dog’s hind limb. This response persisted even after neural afferent 
pathways from the lungs and muscles had been destroyed, suggesting that some
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
byproduct o f muscle metabolism was carried in the blood to the respiratory center where 
it stimulated breathing. This metabolite was later named the “hyperpnein.” In the 1940’s, 
Asmussen and Nielsen reinvestigated the existence o f the exercise “hyperpnein” and 
found that when exercise participants were abruptly switched to breathing 100% O,, a 
large, short-latency reduction in Vg occurred which could not be accounted for by a 
reduction in blood lactate. From these results they concluded that the hyperpnein had the 
following four characteristics: 1) it is released from exercising muscles, 2) it stimulates 
the discharge of arterial chemoreceptors, 3) it has effects that are inactivated by O,, and 
4) it is able to appear and disappear from the blood more rapidly than lactate.
Recent studies suggest that potassium may be the mysterious hyperpnein that past 
researchers were looking for (Paterson, 1990). Potassium is released from exercising 
muscles during isolated muscle contractions and sustained contractions as seen with 
exercise (Hazeyama & Sparks, 1979; Martin, Morgan, Zwillich, & Weil, 1981; Vollestad 
& Sejersted, 1988; Medbo & Sejersted, 1990). SJogaard, Adams & Saltin (1985), 
reported a decrease in intracellular [K^] from 165 mM at rest to 129 mM during exercise. 
This decrease resulted in an increase in extracellular [K^j from 4.5 mM at rest to greater 
than 6.0 mM during exercise. During exercise at 110% V02max, [K"] in arterial blood 
rose to a level of 8.2 mM (Vollestad, Hallen & Sejersted, 1994). The release of 
potassium from muscle and its appearance in the blood stream implicates it as a possible 
muscle metabolite which may enhance chemoreceptor activity and mediate the 
ventilatory response..
Many studies have also investigated the role o f potassium as a local vasodilator in 
the circulatory system. Potassium efQux from exercising skeletal muscle increases during 
depolarization. The rapid rise in plasma in the venous eftluent during the first ten
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seconds o f exercise wanes with time (Haddy et al, 1975). Vollestad and Sejersted (1988) 
found arterial-venous K* difference only during the first ten minutes o f  a bout of intense 
cycling which did not persist as exercise continued. Sjogaard (1986) hypothesized that 
the inactive muscles take up a major amount ofK^ released from exercising muscle. 
Skeletal muscle acts as a reservoir for roughly 75% o f  the body’s potassium, thus a 
considerable amount o f can be sequestered without drastically changing plasma levels. 
In single legged cycling, plasma K’’ stabilized after the first 10 minutes of moderate 
exercise with a small yet significant increase in uptake in the non-cycling leg 
(Sjogaard, 1986). Sjogaard (1990) calculated that the loss from exercising knee 
extensors during prolonged exercise would progressively raise plasma K* to lOmmol/l if 
not cleared from the extracellular space. The level o f local extracellular influences the 
amount o f plasma K . If extracellular K* rises during exercise and in total body dynamic 
exercise like cycling or running, blood flow is such that the extracellular K* diffuses into 
the blood steam (Sjogaard, 1986).
Juel (1986) used in vitro muscle preparations o f the soleus and the extensor 
digitorum longus (EDL) to measure intracellular and interstitial sodium (Na^, and 
resting membrane potential. There was and 11.9 mV decrease in resting membrane 
potential for soleus and an 18.2 mV decrease for EDL. Interstitial dropped 32 mM in 
soleus and 48 mM in EDL. Most of the K* is lost to the surrounding medium and does 
not remain in the interstitium, hence it’s appearance in the blood.
The intracellular concentration is approximately 30-40 times greater than in 
the extracellular water. There are two plausible explanations for the fall in intracellular 
K^. During prolonged exercise there may be some inhibition of the Na^/K^ ATPase due 
to acidosis or there may be increase membrane permeability due to acidosis resulting in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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an increased passive K* efflux (Khuri, 1992). The release of the additional into the 
extracellular fluid can effect membrane potential elsewhere, such as the nerve ending on 
the afferent carotid chemoreceptors (Band & Linton, 1986). The mechanisms 
surrounding the potential role o f potassium in driving ventilation are still being 
investigated.
Ventilation and Potassium: Human Research
The majority of research with human subjects focuses on the correlation between 
potassium and ventilation during incremental or graded exercise. The close relationship 
between the rise in Vg and plasma [K"J has been observed during incremental bouts of 
exercise using a cycling protocol (Busse et al., 1992; McCoy & Hargreaves, 1992; 
Qayyum, Barlow, O’Conner, Paterson & Robbins, 1994; Paterson, Robbins & Conway, 
1989). During these incremental exercise bouts, Vg was more closely correlated to K~ 
than lactate or pH. McCoy and Hargreaves (1992) compared trained with untrained 
subjects, and noted a training effect for K^. There was an attenuated hyperkalemia, 
decreased lactate and a slower rise in Vg in the trained subjects. Busse et al. (1992), 
noted that the rapid decline in Vg during the recovery phase of incremental work occurred 
declining lactate and rising pH. The time course of lactate and pH recovery is to slow to 
account for the rapid fall in Vg during the rest period. After a seven minute rest and 
Vg had returned to resting levels but lactate levels where still near lOmmol/l. Exercise 
was started again in a lactic acid condition and again the increase in Vg was correlated 
with an increase in rather than pH and lactate.
Since lactate and pH are considered prime contributors to ventilation, researchers 
have manipulated the rate o f lactate appearance. Busse, Massen & Konrad (1991) studied 
exercising subjects after glycogen depletion and repletion. When muscle glycogen stores
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are depleted, there is less glycolytic flux hence reducing the rate o f lactate production. In 
this condition, subjects’ ventilatory response was closely matched to rising plasma K"" 
levels. During the first o f two consecutive exercise bouts, pH remained unchanged, but 
during the second bout, pH levels began to rise slightly, rather than fall to acidic levels 
even during high intensity exercise. When initial muscle glycogen levels were high, 
lactic acidosis occurred during the first bout, but pH was returning to normal levels as the 
second high intensity exercise bout began. In both conditions, the rise in Vg was closely 
matched to independent o f acid-base status (Busse et al., 1991).
Another method of controlling pH is to modulate H  ̂ion concentration, through 
the ingestion of sodium bicarbonate and substrate availability (Busse, Scholtz &
Maassen, 1992). Prior to exercise, subjects consumed a meal high in fats either with or 
without a dose of sodium bicarbonate. With this treatment, pH increased and subjects 
remained alkalotic even during high intensity exercise. The coincident rise in Vg and K" 
occurred independent of changes in plasma pH or plasma bicarbonate levels (Busse, et 
al., 1992). In both studies, there where no relevant differences in V^ with or without 
acidosis, indicating some control o f Vg independent o f pH.
The role of lactate in stimulating V^ is also challenged by studies o f McArdle’s 
patients (Hagberg, King, Rogers, Montain, Jilka, Kohrt & Heller, 1990; Paterson, 
Friedland, Bascom, Clement, Cunningham, Painter & Robbins, 1990). Due to a genetic 
defect, these patients do not possess the enzyme glycogen phosphorylase. This prevents 
glycogen breakdown resulting in low glycolytic flux, so that these patients do not 
produce lactate. Examining exercise in McArdle’s patients allows researchers to study a 
ventilatory response that is independent of a fall in pH. In fact, the opposite response 
occurs in McArdle’s patients: as exercise continues, Vg rises in the face of lactic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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alkalosis (Paterson et al., 1990). Since Vg is increased, excess CO; is being eliminated 
even though hydrogen buffering is not required, resulting in a respiratory alkalosis. In all 
cases, the increase in Vg coincided with an increase plasma but not lactate.
The relationship between Vg and during recovery has also been closely 
examined. is cleared from the blood more quickly than lactate and the fall in post 
exercise ventilation matches the rapid fall in Vg falls too quickly to be accounted for 
by decreases in plasma lactate (Busse et al., 1991 ; Busse et al., 1992; Paterson et al., 
1989; McCoy & Hargreaves, 1992; YaspeUds, Anderla, Paterson & Ivy, 1994). During 
the first 5 minutes after the completion o f high intensity, graded exercise, Vg and plasma 
drop rapidly while arterial plasma lactate is still rising (Busse, et al., 1992). These 
results indicate a separation of Vg from changes in lactate and pH during the post exercise 
recovery period.
Potassium and Ventilation: Animal Research 
Although researchers have attempted to manipulate some variables in human studies in an 
attempt to control pH changes, animal research allows greater flexibility in altering 
variables. Researchers have taken particular interest in characterizing the response of the 
carotid chemoreceptors to changes in plasma potassium particularly since they play a 
primary role in regulating blood gas chemistry. With animals, researchers can directly 
measure firing frequency and oscillations (electrical activity) directly at the carotid nerve. 
Very specific measurements can also be made of breath by breath amplitude and 
oscillation frequency.
Interest in chemoreceptor activity was spurred when researchers noted that during 
exercise in humans, arterial plasma K"* rises in a similar time course as CO; (Band, Lim, 
Linton & Wolff, 1982). As early as 1952, Jarish, Landgren, Neils and Zotterman found
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(in the cat) that the carotid body chemoreceptor responds to close intra-arterial injections 
o f KCl. Linton and Band (1985) increased plasma concentration in the cat to 6mM, 
the same level seen in humans during exercise (Medbo & Sejersted. 1985). This increase 
in plasma produced an increase in afferent chemoreceptor discharge and a subsequent 
increase in ventilation which was abolished by peripheral chemo-denervation. However, 
these studies only examined the effect of infused potassium over a  short period of 
approximately 30 seconds. This time frame is not sufficient to examine the effects o f 
potassium over the period of time equivalent to an exercise bout.
Band and Linton (1986) conducted another experiment in which KCl was infused 
continuously for 5 minutes. First, they infused KCl at a constant rate o f 2 or 5 ml/min 
which resulted in an increase in plasma K^ concentration from 3.3 mM to nearly 7.0 mM. 
Arterial plasma K^ increased throughout the test. Both the mean level and amplitude of 
chemoreceptor discharge increased throughout the experiment as shown in Figure 2.1. In 
a second experiment, KCl was infused so that arterial plasma K+ was maintained at a 
constant level between 5.9 to 6.1 mM. In this case, there was a significant increase in the 
mean level and amplitude of discharge only during the first 20 breaths followed by some 
adaptation thereafter. However, during breaths 20 - 1 (X) the mean level and amplitude of 
discharge was still significantly greater than control (Figure 2.2). The level of K  ̂in 
arterial blood was within the limits found during exercise. The initial response of K” on 
the chemoreceptor is very fast with maximum discharge occurring during the fourth 
breath of infusion (Band and Linton, 1986).
In addition to changes in lactate, pH and K% one must consider the effect 
o f arterial oxygen (PO2) and carbon dioxide (PCO2) on carotid body chemoreceptors. 
Burger, Estavillo, Mumar, Nye and Paterson (1988) anaesthetized and artificially
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Figure 2.1 The effect o f infusion of KCl on chemoreceptor discharge in six cats. KCl 
( 150mM) was infused intravenously at either 5 ml/min or 2 ml/min for a period of twenty 
breaths. The results were pooled and show the respiratory oscillation in chemoreceptor 
discharge pooled for the control period (-20 - 0) and for the twenty breath period of KCl 
infusion. Open circles indicate successively, arterial K* during control period, for the 
first breath of each infusion after arterial K^ started to rise and for the 20'*' breath of each 
infusion. {From: Band and Linton, 1986)
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Figure 2.2 The efTect of KCl infusion maintained for S min on chemoreceptor discharge 
in six cats. The open circles indicate arterial successively during the control period, 
the first breath o f each infusion, the 4* breath and thereafter the mean values for each 20 
breath period. The respiratory oscillations in chemoreceptor discharge are shown for 
each 20 breath period. (From: Band Linton. 1986)
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ventilated cats so that alveolar gas tensions were held at inspired values. Carbon dioxide 
was added to hold PCO; at an elevated level. This method allowed PO2  and PCO2  to be 
manipulated at different values to simulate conditions of euoxia, hypoxia, hyperoxia and 
hypercapnia.. During exercise, PCO? rises initially but may fall in a case of 
hyperventilation. P02 generally remains the same or falls slightly. The results o f this 
experiment are shown in Figure 2.3. (Burger et al., 1988). Each line represents the 
amount o f plasma 3.9 mM, 5.7 mM or 8.2mM. In this experiment, PO2  was 
manipulated at 68,48 and 140 Torr, while PCO2  was maintained at 30 Torr throughout.
At 68 and 48 Torr, increasing K~ enhanced chemoreceptor discharge. A fall in POi from 
68 to 48 Torr enhanced chemoreceptor activity at all levels of with the greatest 
sensitivity coinciding with higher K" values. During hyperoxia, when PO2  rose to 140 
Torr, the effect of was abolished (Burger et al., 1988). Hyperoxia seems to overwhelm 
the chemoreceptor at all levels. One reason for increasing ventilation is to supply 
additional O2  to exercising muscle. If receptors detect an abundance of O?, then it is not 
necessary to increase ventilation to meet demands.
Band and Linton (1985) induced high rates of CO2  loading on the anaesthetized 
cat. Since a signal derived solely from CO2  was not adequate to drive breathing to 
maintain normocapnia, they suggested that an increase in plasma at the onset of 
exercise may produce an additional stimulus to breathing. Burger et al. (1988) tested this 
by controlling PCO2  under different PO2  levels. They found that had no effect in 
euoxic hypercapnia (PO2  110, PCO2  53) but significantly excited chemoreceptor 
discharge under mildly hypoxic hypocapnia (PO2  70, PCO2  28) (Figure 2.4). The 
interaction between the effects o f PCO2  and K* are not nearly as drastic as the interaction 
between PO2  and K^. In the two experiments by Burger et al., (1988) K* did not increase
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Figure 2.3 Superimposed, smoothed plots o f chemoreceptor discharge showing that 
hyperkalaemia enhances hypoxic sensitivity in one preparation. KCl set at 3.9, 5.7, and 
8.2 mM with Pq2  steps o f68,48 and 140 Torr at each KCl level, Pco2  30 Torr 
thorughout. Note that at a Pq2  of 140 Torr K^ has little effect on discharge. (From: 
Burger et al., 1988)
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Figure 2.4 Means and two SE of the means of the normalized discharge frequencies of 
individual data points. Filled symbols, before KCl infusion; open symbols, during KCl 
infusion. (From: Burger et al., 1988)
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the sensitivity o f the chemoreceptors to PCOj in normoxia, but it did increase sensitivity 
under hypoxic conditions.
In a similar experiment to Burger et al. (1988), Band and Linton (1989) examined 
the relationship between CO2  and while holding 0% constant. Again, the firing o f the 
carotid body chemoreceptors was o f primary interest. During the artificial ventilation 
period, there were no significant changes in arterial PO2  or pH so that only PCO2  and K~ 
were varied. Chemoreceptor discharge was measured under three conditions: room air, 
CO2  loading and CO2  loading plus KCl infusion. CO2  loading alone had no significant 
effect on the mean chemoreceptor firing frequency, but increased the amplitude o f  the 
discharge oscillation. With the addition o f KCl infusion, plasma K” levels increased to 
5.9mmol/L. This level of hyperkalaemia caused a 50% increase in firing frequency and 
an 80% increase in the amplitude o f the discharge oscillation (Figure 2.5).
Burger et al., (1988) found that hyperoxia abolished the effects of K” on 
chemoreceptor discharge. Paterson and Nye (1991) extended these results. They 
observed not only changes in chemoreceptor discharge, but also examined the effect of 
hyperoxia on Vg. KCl infusion was used to raise plasma K  ̂from 3.9 mM to 7.4 mM in 
decerbrate cats. This hyperkalaemia always increased Vg in hypoxic conditions.
However, hyperoxia, during KCl infusion, did not increase Vg to a value similar to the 
hyperoxic value obtained prior to infusion. When 100% O2  was given after a period of 
hypoxia (PO2  -  50 Torr), the hyperkaelemic increase in Vg was abolished (Paterson & 
Nye, 1991).
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Figure 2.5 Mean results obtained in 5 cats. The means, phases and amplitudes o f the 
least squares sine waves obtained for each of the three parts of the experiment in each cat 
were averaged. The corresponding mean sine waves are shown for ‘air’ (thin line), ‘CO2 ’ 
(stippled line), and ‘CO; and KCl’ (heavy line). (From: Band & Linton, 1989)
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Summary
Potassium may contribute to the ventilatory drive during exercise. Although past 
researchers have focused on changes in lactate, pH and CO;, these factors do not 
sufficiently describe the changes in ventilation during exercise and recovery. The close 
relationship between the rise in Vg and plasma [K*] has been observed during 
incremental bouts of exercise in humans (Busse et al., 1992; McCoy & Hargreaves, 1992; 
Qayyum, Barlow, O’Conner, Paterson & Robbins, 1994; Paterson, Robbins & Conway, 
1989). Studies on McArdle’s patients have separated the effects of pH and lactate on Vg 
from the effects of K"” (Paterson et al., 198 ).
The animal research has more closely examined the role of elevated potassium on 
carotid body discharge, since these chemoreceptors appear to be influenced by potassium. 
Potassium may be the unidentified “work substance” that Asmussen and Nielsen (1946) 
were searching for. It certainly fits the criteria defined by Asmussen and Nielsen for a 
humoral factor. It is released fi*om exercising muscle and can reach concentrations of 7- 
8mM (Medbo & Sejersted, 1990; Paterson et al, 1989) as a result of incomplete re-uptake 
by the Na*/K* ATPase pump following muscle depolarization (Clausen, 1986). It also 
disappears fi’om the blood more rapidly than lactate during recovery, more closely 
reflecting the rapid fall in ventilation when exercise ceases (Busse et al., 1989).
Potassium stimulates peripheral arterial chemoreceptors (Band & Linton, 1985; Burger 
et al., 1988; Paterson & Nye, 1988) and increases ventilation in the anesthetized cat. The 
effects o f potassium are accentuated during hypoxia and abolished by hyperoxia (Burger 
et al., 1988; Paterson & Nye, 1991).
In human subjects, potassium has been implicated as the work substance for 
which Asmussen and Nielson were searching. Most of the studies concerning and Vg
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have focused on graded exercise bouts. The role of potassium during steady state 
exercise has not been well documented. The purpose of the current study is to determine 
if potassium is a stimulus for the ventilatory drift seen during steady state exercise.
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CHAPTERS
METHODOLOGY
Participants
Four college aged males volunteered to participate in the study. Participants 
regularly participated in some sort o f recreational sport or fimess program. Participant’s 
characteristics are shown in Table 3.1
Table 3.1
Participant Characteristics
Participant age weight(kg) height(cm) V 02max(ml/kg/min)
SI 27 77.1 185.4 45.9
S2 26 62.6 176.5 67.1
S3 29 78.5 185.4 54.7
S4 27 99.8 190.5 38.9
Mean 27 79.5 184.5 51.7
SD I 15.3 5.8 12.2
The use of human subjects was approved by the UNLV Institutional Review Board and 
informed consent was obtained from all participants in accordance with the guidelines o f 
the Institutional Review Board.
24
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Design
A repeated measure design was used to determine differences over time in the 
values o f Vg, VO;, VCO;, and lactate. Additionally, a pre/post approach was used to 
examine the differences in the variables from the initial steady state value to the values at 
the end o f thirty minutes. A week following the determination ofVO;max, participants 
cycled for 30 minutes while VO;, Vg, VCO; were measured and blood samples were 
taken for determination of and lactate. Of primary interest was the extent to which 
each variable changed from its steady state value. Additionally, a correlation matrix was 
used to determine the degree of relationship between the variables
Procedures
VOimax test: One week prior to the exercise protocol, maximal oxygen uptake 
(VO;max) was determined for each participant. All trials where completed on the 
Quinton electronically braked cycle ergometer (Quinton Instruments, Seattle, WA) with 
the computer programmed to regulate wattage and time increments. After a one minute 
warm up at 50 watts the resistance was increased 25 watts every minute until volitional 
exhaustion. Participants were fitted with a mouth piece attached to a one way non­
rebreathing valve, with expired gases directed into a mixing chamber for analysis of 
expired O; and CO;. The data were directed to the Vista metabolic measurement system 
(Vacumed, Inc., Ventura, CA) for calculation of Vg, VO;, and VCO; every 30 seconds. 
The criteria used to establish VO; max was a plateau or drop, in VO; with increasing 
work load.
Experimental Trial: One week after the determination of VO; max, participants 
reported to the lab in the morning after a 12 hour overnight fast. Participants cycled for 
30 minutes at a workload equivalent to 60-65% of their VO;max. Expired air was
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collected in the same manner as described in the VO; max test. To obtain blood samples 
for determination of plasma lactate and potassium, an 18 gauge sterile. Teflon catheter 
was inserted into a forearm vein by a registered nurse using standard techniques. Prior to 
insertion o f  the catheter, the skin was disinfected by washing with a betadyne solution 
and dried with a sterile sponge. Once in place, the catheter was fitted with a one way 
stopcock and secured into place with surgical tape. Narrow gauged tubing was connected 
to the end o f  the catheter and fed through the rollers of a Gilson Minipuls peristaltic 
pump (Gilson, Inc., Middleton, WI) ate o f 1 ml/min to allow for continuous blood 
sampling during the 30 minutes of exercise. Participants where required to drink 200ml 
of water prior to the exercise protocol to ensure proper hydration.
Blood Sampling: Each minute during the exercise protocol I ml of blood was 
drawn via the peristaltic pump into a 1.5ml Eppendorf microfuge tube which was placed 
on ice. Blood samples were subsequently centrifuged at 3000 rpm for 5 minutes. After 
centrifugation, the plasma was transferred into a new Eppendorf tube and stored at -80C. 
Plasma was analyzed for potassium concentration using flame photometry (Radiometer 
ELM 3 Flame Photometer, Copenhagen, Denmark) and for lactate content using a YSI 
model 23L lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH).
Statistical Analysis
One way repeated measures analysis of variance (ANOVA) was performed to 
evaluate the changes in VO;, VCO;, Vg, K* and lactate over time. A t-test was also 
performed to determine significant changes in each variable during the steady state 
portion o f the exercise at 6minutes and at the end of exercise at 30minutes. Additionally, 
a Pearson’s product moment correlation was used to determine the degree of correlation
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between the variables. Values were averaged for each consecutive three minute time 
period for the purpose of analysis.
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CHAPTER 4 
RESULTS
One way repeated measure ANOVA revealed no significant changes over time for 
(F(9 JO) “ -231 p<-99), VCO; (F(9 jo) “ -153 p< 99), Vg (F(,jo)= 1.21 p<.32) or 
lactate (F(Qjo) = 2.04 p<.07). However, K" concentrations changed significantly over 
time (F(9 jo) = 4.19 p<.001), increasing 16.4% between 6 minutes of exercise and 30 
minutes o f exercise. Although the ANOVA revealed no significant change in VO; and 
Vg, both drifted upward throughout the 30 minutes o f exercise. Therefore dependent t- 
tests were performed to examine the changes between the initial steady state value (mean 
of 5,6,7,min) and the final value (mean o f28,29,30min). The results o f the t-test indicate 
significant increases in VO; (p<.02), Vg (p<.03) and (p<-04) from the beginning to the 
end of the steady state phase of the exercise bout (Figures 4.1,4.2,4.3)
Figures 4.4 and 4.5 depict the minute by minute values of all four participants for 
VO; and VCO;, and Vg respectively. There was a great deal of variability between 
participants as evidenced by the plots, particularly late in exercise. In order to smooth the 
curve, consecutive three minute intervals were averaged and plotted for each variable 
measured. The values of VO;, Vg, and lactate averaged over 3 minute intervals for all 
four participants are shown in Table 4.1. The changes in VO; and VCO;, and Vg over 
time were then plotted in Figure 4.6 and Figure 4.7.. There was a 4% increase in
28
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VO; from 6 to 12 minutes o f  exercise with an additional increase o f  4% from 12 to 27 
minutes of exercise. Similarly, Vg increased 3% increase between 6 and 12 minutes with 
an additional 5% increase from 12 to 27 minutes o f exercise. Both VO, and Vg increased 
approximately 8% during the course of the exercise bout. There was no change in VCO,.
Values for K and lactate, also averaged over consecutive three minute intervals, 
are reported in Table 4.1 and plotted in Figure 4.8. Changes in K.̂  were greater than 
those in VO, or Vg . K* increased 7% between 6 and 12 minutes o f  exercise with an 
additional 9.6% increase between 12 and 27 minutes of exercise. Initially, lactate also 
rose about 8%, then leveled o ff and fell as exercise progressed.
The 3 minute averaged values reported in Table 4.1 where used to perform a 
Pearson’s product moment correlation (Table 4.2). The correlation examined steady state 
values from 6 minutes through 30 minutes of exercise. The changes in K"* were highly 
correlated with the drift in Vg (r = .97; p<0.001) and VO; (r = .97; p<0.001). The 
regression lines are plotted in Figure 4.9 and 4.10 respectively. However, the changes in 
Vg were not correlated with changes in blood lactate concentration during steady state 
exercise (r = .47; Figure 4.11).
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Figure 4.1 Comparison o f V02 values at 6 min and 30 min of steady state exercise 
30 minutes significantly greater that 6 minutes, p < 0.02
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Figure 4.2 Comparison of V£ values at 6 min and 30 min of steady state exercise 
30 minutes significantly greater that 6 minutes, p < 0.03
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Figure 4.3 Comparison of K+ values at 6 min and 30 min o f steady state exercise 
30 minutes significantly greater that 6 minutes, p < 0.04
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Figure 4.4 Minute by minute values for V02 and VC02. Each minute 
represents the average at each minute for all four participants.
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Figure 4.5 Minute by minute values for VE. Each minute represents the 
average at each minute for ail four participants.
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Table 4.1
\.verage values for consecutive three minute intervals
35
Time
V02
nl/kg/min SE
VE
1/min SE
K+
mM SE
lactate
mM
3 28.94 4.18 46.61 1.59 3.88 0.20 2.25
6 32.74 4.16 55.73 2.92 4.28 0.21 3.80
9 33.39 4.12 56.38 3.43 4.52 0.15 4.73
12 34.10 4.10 57.53 3.84 4.59 0.19 5.08
15 34.90 3.99 59.20 4.03 4.81 0.09 5.00
18 34.61 3.98 58.52 3.57 4.88 0.15 4.98
21 34.66 3.94 58.72 3.82 4.79 0.14 4.98
24 35.22 3.96 58.87 4.05 4.89 0.14 4.70
27 35.44 4.03 60.35 4.11 5.08 0.21 4.68
30 35.25 4.11 59.92 4.10 5.07 0.28 4.63
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Figure 4.6 Changes in V02 and VC02 during the 30 minutes o f continuous 
exercise. Points are means o f consecutive 3 minute intervals. For all four 
participants.
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Figure 4.7 Changes in VE during the 30 minutes of continuous exercise. 
Points are mean of consecutive 3 minute intervals for all four participants
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6.00
5.00 -
4.00 -
3.00
38
2.00 -
K+
lac
1.00 -
0.00
3 6 9 12 15 18 21 24 27 30
Tim#
Figure 4.8 Changes in K+ and lactate during the 30 minutes o f  continuous 
exercise. Points are mean o f consecutive 3 minute intervals for all four 
participants.
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Table 4.2
Correlation of the variables from 6 to 30 minutes o f steady state exercise
V02 VC02 VE K-F lactate
V02 1.00
VC02 -0.18 1.00
VE 0.98 -0.11 1.00
0.97 -0.28 0.97 1.00
lactate 0.54 -0.52 0.47 0.48 1.00
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Figure 4.9 Correlation between VE and K+ (r = .97) (p<.001)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.10 -
41
5.00
4.90
4.80
4.70 -
I
4.60
4.50 -
4.40 -
4.30 -
4.20 -----
32.50
y = 0.2761%. 4.7499 
= 0.9317
33.00 33.50 34.00 34.50
V02 (ml/kg/mtn)
35.00 35.50 !
Figure 4.10 Correlation between V02 and K+ (r = .97) (p<.002)
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CHAPTERS
DISCUSSION
The purpose of this study was to examine the relationship between plasma 
concentration and ventilation (V^) during steady state exercise. Both VO, and Vg drifted 
upward by approximately 8% by the end of 30 minutes of exercise. Martin et al., (1981) 
reported a ventilatory drift of 13% during 60 minutes of continuous steady state exercise. 
Hanson, Claremont, Dempsey & Reddan, (1982) reported that Vg could increase by as 
little as 10% to as much as 30% during steady state exercise. The 8% increase reported in 
this study is reasonable given that participants only exercised for 30 minutes. As in this 
study, previous studies have also reported a drift in VO2  of 5% to 10%, along with the 
drift in Vg during steady state exercise (Hansen et al., 1982; Whipp & Wasserman, 1972; 
Yasuda, Ishida, Miyamura, 1992).
Changes in plasma have not previously been examined during steady state 
exercise. has been shown to increase with incremental increases in workload (Busse 
et al., 1991, 1992; McCoy & Hargeaves, 1992; Paterson et al., 1989). The results o f  this 
study indicate that plasma continues to rise throughout exercise, coincident with the 
increase in VO2  and Vg. However, Vg was not related to lactate which declined after the 
initial increase, or with VCO2 , which remained unchanged throughout the exercise bout.
Although a relationship has been found between increases in plasma and the
43
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been proposed. One possibility is that as muscle fatigues, the recruitment o f new motor 
units is required in order to maintain force output (Sjogaard, 1990), hence increasing the 
need for oxygen. Alternately, changes in plasma K+ may directly effect resting 
membrane potentials o f  muscles and nerve endings as the result o f  inadequate functioning 
o f the NaV ATPase pump with prolonged exercise.
If muscles require additional oxygen then a coincident rise in Vg would be one 
means to that goal. Even during steady state exercise, some muscle fibers may fatigue, 
becoming less efficient. Thus, additional muscle fibers must be recruited to maintain the 
same level o f force production. Additionally, the contraction o f previously unrecruited 
fibers adds to the total amount of released firom the muscle during each depolarization 
and contraction cycle.
Juel (1986) reported that resting membrane potential (RMP) decreased as 
entered the extracellular fluid. Any fall in RMP theoretically decreases the amount of 
voltage change necessary to reach threshold, causing the muscle to depolarize more 
readily and frequently. This would contribute to muscle fatigue, requiring the recruitment 
of additional fibers to maintain the same level of force output. The activation of 
additional fibers would require an increase in VO;, thus accounting for the upward drift 
in VO; and also Vg. An increase in oxygen consumption can be achieved by an increase 
in extraction o f oxygen from the blood, an increase in ventilation, or both. The 
occurrence o f the ventilatory drift suggests that the mechanism may be an increase in 
ventilation.
A similar situation may also occur in the carotid body chemoreceptors. Just as 
Juel (1986) reported for muscle fibers, the increase in extracellular may affect 
membrane potentials in the chemoreceptor, causing depolarization towards threshold.
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Band & Linton (1986) calculated that a change in plasma from 3 to 6 mM would 
cause a change o f approximately 17 mV in a membrane potential determined by 
Raising RMP closer to threshold increases the sensitivity of nerve membranes as well as 
muscle membranes. A slight change in RMP would increase the sensitivity o f the carotid 
body chemoreceptors and increase their firing frequency. Studies that have directly 
measured the effects of tCCl infusion in animals, have reported an increase in firing 
frequency of the carotid body chemoreceptors (Band & Linton, 1986; Burger, et al.,
1988; McLoughlin et al , 1995).
Changes in plasma at rest do not lead to changes in ventilation (Paterson, D., 
Frieland, J.S., Oliver, D.O.& Robbins, P., 1989), suggesting that plays a synergistic 
role in driving exercise ventilation. Changes in plasma FC"” may have a direct effect on 
type c m  and CIV afferent nerve endings. These are the metabo and mechano receptors 
in muscles. At rest, these nerve ending are providing few signals since muscles are not 
being activated. However, during exercise these receptors are providing feedback on 
mechanical and metabolic changes in muscle. Since the receptors are being bathed in 
excess during exercise, their sensitivity and hence, firing frequency, may be increased.
Animal research has shown that the effects of are accentuated by hypoxia and 
are nearly abolished by hyperoxia. When oxygen is plentiful, the drive to ventilate 
decreases regardless o f plasma or CO; concentrations (Burger, et al., 1988). When 
considering K+ efflux from exercising muscle, the efficiency o f the Na*/K^ ATPase 
pump must be examined. It has been hypothesized that under hypoxic conditions, the 
Na*/K^ ATPase pump may start to fail leading to inadequate re-uptake of K* (Burger et 
al., 1988). Under these conditions, there is a large efflux of K+ from muscle into the 
extracellular medium which may lead to increased sensitivity of muscle membranes, Cm
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and CIV afferent fibers and the carotid chemoreceptors, which may, in turn, lead to 
increased Vg.
Huang and Askari (1984), studied isolated, membrane bound Na^ /K^ ATPase 
activity under varying conditions o f pH and inorganic phosphate (PJ. An increase in 
ATP hydrolysis during contractile activity increased the amount of intracellular free P; 
which may have had an inhibitory effect on pump activity. However, the inhibitory effect 
of Pj was dependent on changes in pH. In the present study, lactate rose steeply at the 
onset of exercise, leveled briefly and then fell. However, lactate still remained elevated at 
between 4-5mM. If changes in lactate are coincident with changes in pH, the increased 
lactate concentration (even after the fall) may be enough accentuate the inhibitory effects 
of Pj on pump activity.
It is clear that no single factor acts alone in the control of ventilation during 
exericse. is lost fix>m exercising muscles due to an inefficiency of the Na^ /K.*
ATPase pump. This has the potential to change resting membrane potentials, which in 
turn may increase sensitivity o f carotid bodies and CHI and CIV afferent nerve fibers 
increasing their firing frequency. The coincidental rise of K \ VO; and Vg observed in 
this study, suggest that may play a synergistic role in the ventilatory drift.
However, the results o f this study require further investigation. The limited 
number o f participants greatly restricts the inference of the results. Additionally, there 
were large individual differences between participants. It may be necessary to study a 
more homogeneous group. The participants in this study ranged in VO;max from 
38ml/kg to 67 ml/kg. McCoy and Hargreaves (1995), in a study with trained and 
untrained subjects noted that training attenuated hyperkalemia, decreased the rise in 
lactate and decreased the rise in Vg. In a new finding, the results of this study
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demonstrate a slow, yet steady, increase in plasma throughout 30 minutes o f moderate 
intensity, steady state exercise. Previous studies have not examined the response o f long 
term steady state exercise, which in this study was highly correlated with an increase in 
both ventilation and oxygen consumption.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 6 
CONCLUSIONS
The purpose o f this study was to compare the changes in with the ventilatory 
drift. There were significant increases in both Vg and VO; from 6 minutes to 30 minutes 
o f steady state exercise. Increases in plasma iC  were highly correlated to the drift in both 
Vg and VO;. VO; was also highly correlated to Vg, similar to the findings o f Yasuda et 
al. (1992). Unlike graded exercise, Vg during steady state exercise was not correlated to 
either VCO; or lactate. While the role o f K during exercise high intensity or graded 
exercise has been investigated extensively in the past decade, it has not been examined 
during long term, moderate intesity, steady state work. The results o f this study indicate 
that K” increases in concert with the drift in Vg and VO,.
48
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DATE: November 14, 1996
TO: Jutta A. DiNenna (KIN)
M/S: 3034
f—FROM: , Dr. Lawrence Golding
"Chairman, Biomedical Committee of the 
i Institutional Review Board
RE: Status of Humem Subject Protocol entitled:
"The Relationship Between Plasma Potassium and the
Ventilatory Drift During Steady State Exercise"
OSP #504slQ96-096
This memorandum is official notification that the protocol for 
the project referenced êüsove has been approved by the Biomedical 
Committee of the Institutional Review Board. This approval is 
approved for a period of one year from the date of this 
notification and work on the project may proceed.
Should the use of human subjects described in this protocol 
continue beyond a year from the date of this notification, it 
will be necessary to request an extension.
If you have any questions or require any assistance, please give 
us a call at 895-1357.
cc: Dr. J. Young (KIN-3034)
OSP File
Office of Sponsored Programs 
4505 Maryland Parkway • Box 451037 • Las Vegas, Nevada 89154-1037 
(702) 895-1357 • FAX (702) 895-4242
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CONSENT TO PARTICIPATE IN REASEARCH 
UNIVERSITY OF NEVADA, LAS VEGAS 
EXERCISE PHYSIOLOGY LABORATORY
TITLE OF THE STUDY
The relationship between plasma potassium and the ventilatory drift during steady state exercise. 
PURPOSE
Recent literature suggests a correlation between plasma potassium level and ventilation. You are 
being asked to participate in a study designed to determine whether plasma potassium levels may 
contribute the ventilatory drift seen during steady state exercise.
PRfllCSaUBES
If you decide to participate in this study, you will report to the Exercise Physiology Laboratory 
for two exercise sessions. The first session will be used to determine maximal oxygen uptake 
(VO,max.). During the second, experimental session, you will be asked to cycle for 35 minutes 
at 65% of your predetermined VO,max. The details of the study are as follows;
VQ-̂ max test For session one you will report to the laboratory for the 
determination of VOjmax. You will be cycling on an electronically braked cycle 
ergometer (Quinton). After a I minute warm up at 50 watts the resistance will be 
increased 25 watts every minute until volitional exhaustion. You will be breathing into 
a one way non re-breathing valve with expired gas being directed into a gas chamber for 
automateid analysis of expired O, and CO,. The criteria used to establish VO, max. is a 
plateau in or drop in VO% with increasing work load. You will be asked to exert 
maximal effort.
Experimental Trial: One week after determination of VO; max. you will be 
asked to report to the lab in the morning after a 12 hour fast At this time you will cycle 
for 35 minutes at a workload equivalent to 65% of your VO^max. Expired air is 
collected in the same manner as described in the VO, max. test. In order to collect the 
necessary blood samples a catheter will be inserted into a forearm vein. Before the 
exercise begins you will be required to drink a 200ml container of bottled water to 
ensure proper hydration. Prior to insertion of the catheter, the skin will be prepared by 
washing with a betadyne solution and dried with a sterile sponge. An indwelling venous 
catheter will be inserted by a registered nurse using standard techniques. Once the 
catheter is in place it will be fitted with a one-way valve and taped in place. All blood 
draws are performed under sterile conditions by the registered nurse. All appropriate 
safety measures are taken in accordance with Biohazard guidelines.
Blood Sampling; You will sit quietly for 5 minutes prior to the start of exercise. 
One milliliter of venous blood will be drawn during each minute of exercise. The 
catheter tubing is fed to a peristaltic pump so that blood sampling will be continues 
throughout the exercise period. A toUl of 35 milliliters of blood will be sampled.
After the exercise bout you will cool down for approximately 10 minutes at 
which time the rebreathing valve and catheter are removed.
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RISKS
There is some risk of discomfort and localized muscle fotigue during the VOjmax test. These 
are to be expected because the test encourages you to exercise at the greatest possible effort 
There is a slight risk of bruising and infection from the catheter however these risks are 
minimized by the use of sterile techniques and the expertise of a registered nurse.
BENEFITS
The benefit for you is two fold. You will receive an assessment of your VO, max. and since you 
are a student in the department will gain experience in the type of research involved in this field. 
The research will also add to the current theoretical base concerning the control of ventilation 
during exercise.
ÇQHHPEyTlALm
Your participation in, and the results of this study will remam confidential. Only those parties 
directly related with the collection and analysis of data will have access to your file. If die data 
is presented in a scientific journal or conference, you will be referred to by a participant number, 
not your name.
RIGHT TO REFUSE OR WITHDRAW
Your participation in this study is strictly voluntary. You may withdraw consent or refuse to 
participate at any time.
QUESTIONS
If you have any questions regarding the study please ask the investigators. You may contact me, 
Jutta DiNenna at 895- 1582 or you may contact John Young, PhD. at 895-4626.
For questions regarding the rights of research subjects you may contact the Office of Sponsored 
Programs at 895-1357.
You will be given a signed and dated copy of this form for your records.
I UNDERSTAND THE TEST PROCEDURE AND HAVE DECIDED TO 
VOLUNTEER AS A RESEARCH SUBJECT. I HAVE READ THE PROVIDED 
INFORMATION AND ALL QUESTIONS REGARDING THE EXPERIMENT 
HAVE BEEN ANSWERED TO MY SATISFACTION. I UNDERSTAND THAT I 
HAVE THE RIGHT TO WITHDRAW FROM THIS STUDY AT ANY TIME 
WITHOUT RECRIMINATION.
Name o f Participant (print) Signature Date
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Particpant 1
54
Time V02 VC02 VE K+ lac
1 3.1
2 3.9 2.3
3 4.4
4 27.89 28.64 47.45 4.5
5 28.25 29.58 47.58 4.4 4.5
6 27.94 29.47 47.27 4.7
7 28.53 29.63 47.78 4.7
8 29.73 30.57 48.97 5.1 5.6
9 29.44 30.04 48.33 5.1
10 29.11 29.64 48.47 5
11 29.38 30.20 48.77 4.9 6
12 29.68 30.24 50.24 5.5
13 30.44 30.45 50.17 5.4
14 29.75 29.30 49.27 4.9 5.7
15 30.95 29.99 50.73 4.8
16 29.96 29.67 50.68 5.4
17 30.17 29.84 50.13 5.5 5.5
18 30.01 29.74 50.08 4.5
19 30.39 30.28 51.12 4.9
20 29.38 29.48 51.15 5.1 5.7
21 30.74 30.54 52.46 5
22 30.92 30.07 52.70 5.2
23 30.04 29.45 51.05 4.9 5.6
24 30.39 29.03 49.68 5
25 31.00 29.66 51.04 5.3
26 30.23 29.00 49.86 5.5 5.4
27 30.86 30.15 52.36 5.5
28 30.97 29.87 52.04 5.6
29 30.91 29.63 51.59 5.7 5.5
30 30.34 28.03 47.63 5.4
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Time V 02 VC02 VE K+ lactate
1
2 37.30 33.61 43.85 3.2 2
3 41.07 43.11 56.72 3.4
4 42.57 45.31 54.60 3.1
5 43.60 44.06 56.26 3.7 3.5
6 43.38 44.00 58.38 4.2
7 44.40 44.33 56.87 4.1
8 44.85 44.12 61.26 4.6 4.1
9 44.47 43.14 52.01 4.2
10 44.44 44.08 53.64 4.3
11 45.14 44.01 55.39 4.2 4.1
12 44.47 42.93 55.77 4.4
13 45.13 42.60 54.22 4.3
14 44.89 43.10 58.45 4.6 3.7
15 45.13 43.49 56.76 5
16 45.41 43.02 56.72 5.2
17 46.36 45.49 56.00 5.2 3.8
18 44.15 41.06 58.65 5
19 44.70 42.72 57.90 5.1
20 45.68 43.60 54.03 5.1 3.8
21 46.54 44.17 56.74 5
22 45.40 43.00 57.52 5.1
23 46.90 45.12 56.14 5.2 3.2
24 45.58 43.49 51.39 5.4
25 46.69 44.13 57.74 5.1
26 45.90 43.22 59.00 5.5 3.3
27 46.78 44.95 58.36 5.7
28 47.10 44.67 58.81 5.5
29 45.83 43.51 56.80 5.6 2.9
30 47.66 45.11 61.19 5.4
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Time V02 VC02 VE K+ lactate
1
2 31.10 28.80 47.04 3.3 2
3 32.51 33.11 49.43 4.8
4 35.14 36.32 55.37 4.6
5 36.10 37.17 58.87 4 3.1
6 34.74 36.64 60.28 5.1
7 33.61 34.69 53.89 4.5
8 32.41 33.76 54.77 4.5 3.4
9 36.48 36.32 57.40 4.4
10 37.61 36.93 58.58 4
11 35.11 35.91 60.37 4.9 4.1
12 35.75 34.80 56.61 4.9
13 37.53 37.09 60.94 4.6
14 38.16 37.79 61.60 4.8 4.3
15 35.78 36.22 60.56 5.1
16 35.39 35.90 62.95 4.9
17 35.74 34.30 57.07 4.8 4.1
18 36.21 34.59 57.14 4.5
19 35.15 34.77 59.71 4.6
20 33.03 32.33 51.88 4.3 3.9
21 36.54 36.50 61.15 4.5
22 36.26 36.56 61.72 4.7
23 34.85 34.07 56.89 4.6 3.6
24 37.63 36.03 59.61 4.7
25 34.86 33.94 56.76 5
26 35.88 35.20 60.18 4.5 3.8
27 37.97 38.14 64.05 5
28 34.64 34.66 59.27 4.7
29 35.34 33.68 55.97 4.5 3.8
30 35.05 36.66 62.37 4.7
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Participant 4
Time V 02 VC02 VE K+ lactate
1
2 18.52 16.70 37.13 3.6 2.7
3 21.66 23.44 50.40 4.3
4 23.24 26.21 58.96 4.7
5 24.90 27.69 61.72 4.1 4.1
6 25.05 26.99 62.07 4.2
7 25.42 28.03 66.65 4.4
8 25.26 26.55 63.44 4.4 5.8
9 26.08 27.49 65.15 4.3
10 26.11 26.70 66.93 4.3
11 26.39 26.93 69.04 4.4 6.1
12 25.98 25.87 66.52 4.3
13 26.80 27.22 69.26 4.7
14 26.85 27.47 68.39 4.8 6.3
15 27.42 27.98 70.02 4.7
16 26.17 25.48 63.31 4.2
17 28.65 28.31 73.14 4.7 6.5
18 27.08 26.03 66.41 4.7
19 27.57 27.34 69.01 4.6
20 28.40 28.17 71.00 4.5 6.5
21 27.80 27.66 68.54 4.8
22 28.13 27.89 69.89 4.6
23 28.22 27.27 69.43 4.7 6.4
24 28.36 27.43 70.40 4.6
25 28.33 27.28 70.60 4.4
26 28.70 27.87 71.52 4.7 6.2
27 28.08 27.78 71.04 4.8
28 28.77 28.69 72.44 4.6
29 28.34 27.58 70.23 4.8 6.3
30 28.04 26.15 68.72 4.9
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V02 ANOVA: Single Factor
Time 3 6 9 12 15
SI 24.68 28.04 29.23 29.39 30.38
82 39.18 43.18 44.57 44.68 45.05
S3 31.80 35.33 34.17 36.16 37.16
S4 20.09 24.39 25.59 26.16 27.02
Time 18 21 24 27 30
SI 30.05 30.17 30.45 30.70 30.74
S2 45.31 45.64 45.96 46.46 46.86
S3 35.78 34.90 36.25 36.24 35.01
S4 27.30 27.92 28.24 28.37 28.39
Anova: Single Factor
SUMMARY
ôroups bouni Sum Average Variance
3 4 115.7572 28.93929 69.85276
6 4 130.9427 32.73568 69.1639
9 4 133.5604 33.3901 67.94477
12 4 136.3874 34.09685 67.16313
15 4 139.612 34.90299 63.52618
18 4 138.4349 34.60872 63.36187
21 4 138.6426 34.66065 62.07924
24 4 140.8925 35.22312 62.63283
27 4 141.7595 35.43988 64.8141
30 4 140.9993 35.24983 67.44004
ANOVA
Source o f Variathn SS df MS F P-value F crH
Between Groups 137.15 9 15.2390 0.231603 0.98703 2.2107
Within Groups 1973.94 30 65.7979
Total 2111.09 39
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time 3 6 9 12 15
SI 28.010 29.525 30.082 30.025 29.915
S2 38.361 44.456 43.862 43.675 43.063
S3 30.960 36.711 34.925 35.878 37.032
S4 20.069 26.966 27.357 26.500 27.556
time 18 21 24 27 30
SI 29.748 30.099 29.518 29.601 29.176
S2 43.191 43.494 43.869 44.100 44.430
S3 34.929 34.534 35.552 35.760 35.001
S4 26.604 27.724 27.529 27.641 27.476
Anova: Single Factor
SUMMARY
Gmups Count Sum Average Variance
J 4 117.4002' "29.35005" 57.24145'
6 4 137.6585 34.41462 61.83303
9 4 136.2263 34.05658 52.5213
12 4 136.0774 34.01936 56.39212
15 4 137.5656 34.3914 49.64758
18 4 134.4725 33.61812 52.51275
21 4 135.8516 33.96289 48.33955
24 4 136.4681 34.11703 53.90826
27 4 137.1026 34.27565 54.85956
30 4 136.0833 34.02083 58.53683
ANOVA
Source of Variation SS df MS F P-value Fcrit
Between Groups 83.0566 9 9.228513 0.169085 0.995853 2.210697
Within Groups 1637.38 30 54.57924
Total 1720.43 39
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VE ANOVA: Single Factor
Time 3 6 9 12 15
SI 44.160 47.424 48.361 49.161 50.054
S2 50.280 56.412 56.713 54.935 56.476
S3 48.240 58.174 55.355 58.519 61.035
S4 43.767 60.918 65.081 67.496 69.224
Time 18 21 24 27 30
SI 50.298 51.576 51.144 51.086 50.417
S2 57.124 56.224 55.015 58.923 59.601
S3 59.054 57.582 59.406 60.332 59.204
S4 67.622 69.518 69.906 71.055 70.465
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
J 4 ' 186:446V 40.011 / j 10.07046
6 4 222.9279 55.73197 34.11628
9 4 225.5104 56.37761 47.05798
12 4 230.1104 57.52759 59.02672
15 4 236.7896 59.19741 64.96758
18 4 234.0991 58.52477 50.8957
21 4 234.8987 58.72467 58.38873
24 4 235.4708 58.8677 65.54788
27 4 241.3964 60.34911 67.48439
30 4 239.687 59.92175 67.36661
ANOVA
Source o f Variation SS df MS F P-value Fcrit
Between Groups 572.891 9 63.65457 1.212647 0.32396 2.2107
Within Groups 1574.77 30 52.4922
Total 2147.66 39
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K+ Anova: Single Factor
Time 3 6 9 12 15
SI 3.300 3.670 4.300 4.300 4.630
S2 4.200 4.550 4.967 5.133 5.033
S3 4.050 4.570 4.460 4.600 4.830
84 3.950 4.333 4.367 4.333 4.733
Time 18 21 24 27 30
SI 5.130 5.070 5.230 5.430 5.500
S2 5.133 5.000 5.033 5.433 5.567
S3 4.730 4.470 4.670 4.830 4.430
S4 4.533 4.633 4.633 4.633 4.767
SUMMARY
Groups Count Sum Average Variance
3 4 15.5 3.875 0.1575
6 4 17.12333 4.280833 0.177314
9 4 18.09333 4.523333 0.091659
12 4 18.36667 4.591667 0.148426
15 4 19.22667 4.806667 0.029504
18 4 19.52667 4.881667 0.089781
21 4 19.17333 4.793333 0.083133
24 4 19.56667 4.891667 0.08347
27 4 20.32667 5.081667 0.169781
30 4 20.26333 5.065833 0.31104
ANOVA
Source of Variation SS df MS F P-value Fcrit
Between Groups 5.05706 9 0.561895 4.188217 0.001403 2.210697
Within Groups 4.02483 30 0.134161
Total 9.08 39
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time 3 6 9 12 15
SI 2.3 4.5 5.6 6 5.7
S2 2 3.5 4.1 4.1 3.7
S3 2 3.1 3.4 4.1 4.3
S4 2.7 4.1 5.8 6.1 6.3
time 18 21 24 27 30
SI 5.5 5.7 5.6 5.4 5.5
S2 3.8 3.8 3.2 3.3 2.9
S3 4.1 3.9 3.6 3.8 3.8
S4 6.5 6.5 6.4 6.2 6.3
Anova: Single Factor
SUMMARY
Gmups Count Sum Average Variance
J 4 y 2.25 ' " ■ O.IT
6 4 15.2 3.8 0.386667
9 4 18.9 4.725 1.355833
12 4 20.3 5.075 1.269167
15 4 20 5 1.453333
18 4 19.9 4.975 1.5825
21 4 19.9 4.975 1.795833
24 4 18.8 4.7 2.386667
27 4 18.7 4.675 1.835833
30 4 18.5 4.625 2.409167
ANOVA
Source of Variation SS df MS F P-value Fcrit
Between Groups 26.869 9 2.985444 2.046928 0.068444 2.210697
Within Groups 43.76 30 1.4585
Total 70.62 39
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V02 t-T«st: Pairad Two Samplo for Moans
6 30
Mean 32.99 35.25
Variance 68.19 67.42
Observations 4 4
Pearson Correlation 0.99
Hypothesized Mean Differ 0
d f 3
tS tat -3.19
P(T<=t) one-tail 0.02
t Critical one-tail 2.35
P(T<=t) two-tail 0.05
t Critical two-tail 3.18
VE t-Test: Paired Two Sample for Means
6 30
Mean 56.47 59.92
Variance 43.61 67.39
Observations 4 4
Pearson Correlation 0.97
Hypothesized Mean Differ 0
d f 3
tS tat -2.85
P(T<=t) one-tail 0.03
t  Critical one-tail 2.35
P(T<=t) two-tail 0.07
t Critical two-tail 3.18
K+ t-Test: Paired Two Sample for Means
6 30
Mean 4.34 5.12
Variance 0.08 0.24
Observations 4.00 4
Pearson Correlation -0.27
Hypothesized Mean Differ 0.00
df 3
tS tat -2.50
P(T<=t) one-tail 0.04
t Critical one-tail 2.35
P(T<==t) two-tail 0.09
t Critical two-tail 3.18
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Participant I
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V02max 45.9
TIME V02 VC02 VE K+ lac
3min 24.68 28.01 44.16 4.2 2.3
6min 28.04 29.52 47.42 4.55 4.5
9min 29.23 30.08 48.36 4.97 5.6
I2min 29.39 30.02 49.16 5.13 6
15mm 30.38 29.91 50.05 5.03 5.7
ISmin 30.05 29.75 50.30 5.13 5.5
21min 30.17 30.10 51.58 5.00 5.7
24min 30.45 29.52 51.14 5.03 5.6
27min 30.70 29.60 51.09 5.43 5.4
30min 30.74 29.18 50.42 5.57 5.5
V02 VC02 VE lac
VD2 -------  -J-
VC02 -0.22554 1
VE 0.89532 -0.088173 1
K+ 0.82011 -0.356465 0.6053544 1
lac 0.5765 0.4728708 0.5106228 0.50284528 1
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V 02m ax 67.1
TIME V02 VC02 VE K+ Lac
3tnin 39.18 38.36 50.28 3.30 2
6min 43.18 44.46 56.41 3.67 3.5
9min 44.57 43-86 56.71 4.3 4.1
12min 44.68 43.67 54.93 4.3 4.1
ISmin 45.05 43.06 56.48 4.63 3.7
18min 45.31 43.19 57.12 5.13 3.8
2Imin 45.64 43.49 56.22 5.07 3.8
24min 45.96 43.87 55.02 5.23 3.2
27min 46.46 44.10 58.92 5.43 3.3
30min 46.86 44.43 59.60 5.5 2.9
V02 VC02 VE K+ Lac
V02 1
VC02 0.0212 1
VE 0.54532 0.3984285 1
K+ 0.97028 -0.085277 0.5086982 1
Lac -0.5851 -0.564795 -0.5649905 -0.56060081 1
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V02max 54.5
TIME V02 VC02 VE K+ Lac
3min 31.80 30.96 48.24 4.05 2
6min 35.33 36.71 58.17 4.57 3.1
9min 34.17 34.93 55.36 4.46 3.4
I2min 36.16 35.88 58.52 4.60 4.1
15min 37.16 37.03 61.03 4.83 4.3
18min 35.78 34.93 59.05 4.73 4.1
21min 34.90 34.53 57.58 4.47 3.9
24min 36.25 35.55 59.41 4.67 3.6
27min 36.24 35.76 60.33 4.83 3.8
30min 35.01 35.00 59.20 4.63 3.8
V02 VC02 VE A--F Lac
V 02 1
VC02 0.667565 1
VE 0.881873 0.5216783 1
K+ 0.841956 0.4961451 0.9097088 1
Lac 0.5798 -0.002872 0.5404159 0.5079723 l
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V02max 38.92
TIME V02 VC02 VE K+ Lac
3min 20.09 20.07 43.77 3.95 2.7
6min 24.39 26.97 60.92 4.33 4.1
9min 25.59 27.36 65.08 4.37 5.8
12min 26.16 26.50 67.50 4.33 6.1
ISmin 27.02 27.56 69.22 4.73 6.3
I8min 27.30 26.60 67.62 4.53 6.5
2Imin 27.92 27.72 69.52 4.63 6.5
24min 28.24 27.53 69.91 4.63 6.4
27min 28.37 27.64 71.06 4.63 6.2
30min 28.39 27.48 70.46 4.77 6.3
V02 VC02 VE K+ Lac
V02 1
VC02 0.5186837 1
VE 0.9554323 0.4877708 1
K+ 0.8417731 0.6710873 0.8046077 1
Lac 0.8214097 0.2556568 0.8851478 0.61762296 1
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